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Abstract 
The present work aims to prove the efficiency of the finite volume TAU-DLR software for CFD (computational fluid dynamics) calculations 
on small wind turbines rotors. CFD simulations were carried out on the NTNU wind turbine rotor and the computational results were compared 
with experiments. Three different tip speed ratios O (where Ois the ratio between the local flow velocity at the tip and the incoming flow speed) 
corresponding to different operational conditions have been simulated and analyzed. O = 6: Design conditions. In this case the blades were 
designed to produce a nearly constant pressure drop across the rotor. O = 3: The turbine is here operating in fully stalled conditions. O = 10: the 
power produced is roughly the same as forO = 3, but the thrust coefficients are significantly different. In this case the internal part of the 
turbine operates as a propeller. Results relative to rotor loads, power production and thrust force show good agreement with the experiments 
and the results from the near wake computations are in partial agreement with the experiments, proving the TAU-DLR code to be a suitable 
tool for CFD calculations on wind turbine rotors. 
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Nomenclature 
R radius of the turbine rotor [m] 
O  tip speed ratio [-] 
Z rotational speed [rad/s] 
CT thrust coefficient [-] 
CP  power coefficient [-] 
Uref reference velocity [m/s] 
Ft tangential force [N/m] 
Fn normal force [N/m] 
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1. Introduction 
Due to the dramatic increase in CPU power and to the improvement and optimization in the parallelization of the CFD codes, 
CFD simulations became more and more advanced. Such simulations are now used in a large number of applications and a 
standard tool in wind energy development area. At the present stage, most of the publications compare CFD simulations with 
wind tunnel data. Amongst the wind tunnel measurement campaigns with free data availability, the NASA Ames wind tunnel is 
probably the largest and most complete one. The experiments were carried out by NREL as part of the IEA wind tasks in the 
spring of 2001 in the 24m x 36m NASA-Ames wind tunnel.  A 10 m rotor was used and measurements of pressure distributions 
at 5 locations along the rotor blade were performed. The task has been running for over a decade and a large number of 
comprehensive technical and scientific reports are present in the scientific literature. The NREL Phase VI  turbine has been used 
by many authors as a reference for CFD computations and most of the information about the NREL phase VI project can be 
found in the NREL webpage [1].  The follow up of the IEA Wind Task 20 was the IEA task 29 - Mexnext [2] where wind tunnel 
measurements from the EU project Model Experiments in Controlled Conditions (Mexico) were used. Detailed aerodynamic 
measurements were carried out on a wind turbine model with a diameter of 4.5 m, which was placed in the 9.5 m² German Dutch 
Wind Tunnel (DNW). Pressure surface data were measured at five radial positions (25%, 35%, 60%, 82%, and 92% span) 
together with blade root bending moments and tower bottom moments.  
Beside these large experiments carried out within the IEA wind group, a number of other experiments are currently available 
and can be used to compare results or benchmark simulations. The experiments carried out at NTNU on a small scale turbine (ca. 
90cm diameter) placed in the subsonic NTNU wind tunnel has been used as a benchmark for a blind test proposed by Per Åge 
Krogstad [3, 4]. Most of the data acquired in this campaign focus on the near wake but torque and thrust measurements are also 
available. The present work will focus on a comparison between the results obtained with CFD simulations using the TAU-DLR 
code and the experiments carried out at NTNU. However, it might be valuable to mention some of the previous works carried out 
using different CFD codes. 
Sezer-Uzol and Long [5] used a the incompressible PUMA2 solver to compute the  NREL phase VI turbine using a rotating 
unstructured tetrahedral mesh. No turbulence models were implemented in the code leading to inviscid flow and thus problems 
while trying to predict stall and flow separation.  Sørensen et. al [6] used the in-house Risø code Ellipsys 3D  to simulate the 
NREL phase VI focusing on 3D aerodynamic effects as a function of the wind speed. Their results were in good agreement with 
the experiments.  Duque et al. [7] used the NASA compressible solver Overflow-3D to carry out the simulations and compared 
their results with both the experiments and with lifting line codes. Rajvanshi et al. [8] computed the NREL phase VI wind turbine 
employing the SST-K-ω and the Langtry-Menter transition models . Rutten [9]studied the NREL phase VI turbine using the 
compressible, parallel, unsteady finite volume TAU solver from DLR proving that one equation turbulence models give 
reasonable predictions for wind turbines. It was proven that the k-w model overestimates the turbulent kinetic energy if compared 
to the SST model [14].  Karlsen [10] in his master thesis simulated the NTNU turbine using the incompressible CFD–software 
FLUENT with different turbulence models. The three-dimensional grid was constructed using GAMBIT and TGRID. A 
comparison between the full CFD simulation and the results obtained with a BEM code was also carried out. 
2. NTNU Turbine 
The NTNU turbine is a small scale wind turbine that has been developed at the Department of Energy and Process Engineering, 
NTNU in Trondheim. The rotor consists of three blades that have been designed using a single airfoil for simplicity reasons.  
 
Figure 1 The NTNU wind turbine (left) and the NREL S826 airfoil (right)[3, 4]. 
The airfoil used in the blade design is the NREL S826 (Figure 1 right) which was specifically designed for wind turbines by the 
National Renewable Energy Laboratory in Colorado and was intended to be used at the tip of large rotors. The blades are built 
using the S826 with different twist angle and different chord length at different section of the blade. The blade length is 0.495 m 
and the tip is cut off sharply. The nacelle is a circular cylinder with a rounded hub.  
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During the measurement campaign, torque and thrust measurements were carried out as well as a detailed scanning of the wake 
up to 5 rotor diameters downstream at different operating conditions. The design tip speed ratio was set to λ = ωR/Uref = 6 (ω 
[rad/s] is the angular speed of rotation, R [m] is the blade radius and Uref [m/s] is the reference velocity). Four different test cases 
were chosen keeping the reference velocity Uref constant at 10m/s and varying the rotational speed of the rotor and to reach 
different tip speed ratios λ. The cases were chosen to represent different operational conditions and challenge CFD modellers. In 
the case where λ = 3 the turbine is here operating in an almost fully stalled mode, at λ =4 the rotor is partially stalled, at λ = 6 the 
rotor is operating in design conditions. In this case the blades were designed to produce a nearly constant pressure drop across the 
rotor. For λ = 10 the power produced is roughly the same as for λ = 3, but the thrust coefficients are significantly different. In this 
case the internal part of the turbine operates as a propeller and most of the torque is produced in the near tip area. 
3. Methods 
The model has been discretized using an unstructured mesh and the flow field has been resolved using the finite volume code 
TAU-DLR. A hybrid mesh on the rotor surface was used. A mesh consisting of structured quadrilaterals was used on the blades 
and a triangular mesh was used elsewhere. The structured mesh has been refined along the leading and trailing edge where 
pressure gradients are higher. The total number of points on the mesh was ca. 300000 ensuring a value of ca. 200 points chord 
wise along the blade. 
The first cell in the boundary layer was placed in order to be able to keep y+ under 5 for all cases analyzed. 
A cylindrical domain with a total length of 40R and a diameter of 20R has been used to create the volume mesh.  
 
Figure 2 - Zoom view of the different mesh zones with different density. 
The rotor has been placed at a distance of 20R from the front face of the cylindrical domain. The volume mesh is totally 
unstructured with a layer of 10 prisms built on top of the blade surface to better capture the boundary layer. The volume mesh 
has been divided in zones with different density as shown in Error! Reference source not found. A dense cylindrical zone 0.4R 
long in the streamwise direction and with a diameter of 2.6R has been created to accurately resolve the flow in the rotor plane. 
The average size of the tethraedra in this area is 3mm. A second cylindrical zone 8R long in the streamwise direction and with a 
diameter of 3R was made to accurately resolve the pressure drop zone upstream and the wake downstream. The turbine was 
placed 2R downstream.  The final mesh consisted of ca. 20million cells. 
A steady state RANS approach using the one equation Spalart-Allmaras [11] model as suggested by Rutten was used in the 
simulations carried out. The solution was found to converge after approximately 2000 numerical time steps and the residuals 
obtained were in the order of 10-4. A typical Runge Kutta central scheme was used and the CFL number was kept at a value of 1. 
The simulations were carried out on a 12 cores work station using the parallel version of the TAU-DLR code which relies on 
openMPI. With this method the mesh needs to be preprocessed and split into the wanted number of domains (10 in the present 
case). Thereafter each domain gets assigned to one core which computes the solution and, once the solution converges, a post 
processing functionality gather the solutions from the different domains into a complete solution. 
4. Results and discussion 
The results obtained with TAU are plotted together with the experimental results presented in [3] and show good agreement both 
for thrust and torque coefficients. Both thrust and torque seem to be underestimated at high tip speed ratios but the overall results 
match the experimental results for a large part of the CP – λ and  CT- λ plots shown in Error! Reference source not found., 
where CP is the power production coefficient and CT is the thrust coefficient. Since the tower was not included in the present 
simulations, the thrust coefficients computed were corrected adding the thrust induced by a model tower. 
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Figure 3 - Results from the present simulation plotted over the CP- λ (left)  and CT- λ (right) curves from [3, 4]. 
To better evaluate the behavior of the blade under the different regimes, the normal and tangential force distribution along the 
blade were calculated integrating the pressure distribution at 5 different sections of the blade (25%, 35%, 60%, 90% and 100%). 
No experimental data is available for the pressure distribution along the blade, thus the sections were chosen to be comparable 
with the CFD results obtained by Karlsen [10]. The integrated normalized forces plots are shown in Figure 4 and they clearly 
show that at λ =3 and λ =10 much less torque is generated along the blade. At λ =3, because of the stalled conditions most of the 
torque is generated close to the root while for λ =10 most of the torque is generated in the tip region.  
 
Figure 4 – Normalized tangential force (left)  and normalized normal force (right) along the blade at different tip speed ratios O. 
Another way to look at the flow conditions on the turbine blade is to look at the friction lines on the suction side of the blade 
(Figure 5). The nice and straight lines shown for λ =6 and 10 indicate that the flow is completely attached and thus no stall is 
present. The figure corresponding to λ =4 shows that the stall is initiated while for λ =3 the blade is fully stalled. These different 
flow conditions at different λ match the results presented by Karlsen [10] and the predictions from Krogstad and Eriksen [3]. The 
picture corresponding to λ =6 clearly shows that the stall is initiating at the root of the blade. 
 
 
Figure 5 - Friction lines on the suction side of the blades at different λ. 
The near wake study confirms the results obtained from the analysis of the pressure integration plots and friction lines. From the 
contour plots corresponding to the axial velocity shown in Figure 6, a pulsating wake can be seen for λ =3 as direct consequence 
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of deep stalled conditions. A more uniform wake with distinct tip vortices is obtained for λ =6 and a complex wake where the 
roots of the blades acts as a propeller is shown in the contour plot for λ =10, at this tip speed ratio, the tip vortices are not 
separated anymore but included in a vortex sheet. These results again match the results presented in Krogstad and Eriksen [3] 
and Krogstad and Lund [4]. 
 
 
Figure 6 –Vertical streamwise velocity in the near wake region up to 0.5D from the rotor plane. 
A more quantitative analysis of the wake can be seen in Figure 7, where the mean local velocity in the streamwise direction U 
normalized with the incoming reference velocity Uref at a distance of 1D from the rotor plane are presented. The wake average 
velocity profile has been computed in the vertical plane and for design conditions at  
λ =6. The computed results are compared with the wind tunnel data obtained averaging the streamwise velocity from local 
measurements obtained with a hot wire. The computed wake reasonably matches the experiments in the central part of the wake 
and in the tip vortex region. The symmetry of the computed profile is due to the fact that the tower was not included in the 
present simulation. 
A lower velocity deficit has been predicted in the central part of the blade (from y/R=0.5 to y/R=0.7 and from y/r=1.3 to 1.6) and 
this is coherent with the lower thrust prediction. 
 
Figure 7 - Horizontal wake profile at 1 rotor diameter downstream for design conditions (V=10m/s, Λ=6) plotted over the results from [3, 4] 
5. Conclusions 
The TAU-DLR code proved to be capable to estimate rotor loads, power production and thrust force in different operational 
conditions. The near wake region was correctly computed and the comparison with experiments showed a general good 
agreement with some local differences mostly due to the simplified geometrical model used in the simulation. 
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